Abstract: All political systems have limitations in their information processing and action capacities to face large-scale crises and challenges, but especially if they happen to be too hierarchically and centrally controlled systems. In contrast, some other cultures whose political structure is heterarchically organized, such as the Zenú, the Muiscas, and the Tayronas in pre-Hispanic Colombia, presented adaptiveness even without advanced scientific knowledge and without powerful centralized top-down control. We therefore propose that creating and analyzing computer models of their decentralized processes of management could provide a broader perspective on the possibilities of self-organized political systems. Our hope is that this approach will eventually go beyond the scope of basic science. It seeks to promote more computermodel-based research of social systems that exhibit an adaptive balance of flexibility and robustness, i.e., systems that do not rely on the current ideal of rule-based control of all systemic aspects, with the practical aim of improving current social and political processes.
Introduction
Being complex, the activity of political systems is determined by the interactions and interdependence of their elements, which partly determine the future of the system. In such a system the isolated study of the components is not sufficient to describe the whole system's dynamics (Gershenson and Fernández, 2012) . Its complexity is the result of a balance between creative emergence (adaptivity) and self-organization (stability), and the system's scope for self-determination or autonomy can be estimated by comparing its internal complexity with that of its environment (Fernández, Maldonado, and Gershenson, 2014) .
A key management problem is how to address the shortcomings of the classical hierarchical organization of modern institutions. As Mezza-Garcia (in prep.) has argued, the strongly centralized, tree topologies characteristic of our political regimes and their legal decision processes resemble the computational mechanisms of a Turing machine. Political processes are often inflexibly rule-based, encapsulated, sequential, with prespecified halting conditions, centrally coordinated with other processes, and controlled in a top-down manner. In this sense, hierarchical political systems are limited when trying to resolve crises and challenges that threaten the wellbeing of the whole community. Their inherent and irreducible complexity resists current scientific attempts to understand all of the political dynamics in sufficient detail. Moreover, even if we had such perfect knowledge, the inherently nonlinear and noisy interactions between parts of the system and their relation to the environment would thwart political attempts to control them adaptively. Thus, since politics is a nonlinear phenomenon, and the study of sociopolitical dynamics requires space for complexity and nonlinearity, a shift toward the study of heterarchical political systems seems to be a natural tendency when theorizing about political organizations.
The goal of this paper is to present the outlines of a complex systems approach to understanding the organization of past heterarchical societies, in order to highlight their potential computational advantages with regard to the regulation of activities and information processing and their entailments for the organization of human societies. Our hope is that with this kind of computer-based dynamical systems and information theoretical analyses, we will be able to gain valuable knowledge about how it might be possible to improve decision-making processes in our increasingly interconnected and diverse societies. Here we do not understand the concept of computation as being only applicable to processes taking place in a digital Turing machine, but in a general sense as the transformation of information (Gershenson, 2013) , and without being limited to the framework of computable logical and mathematical functions (see Eberbach, Goldin, and Wegner, 2004) .
In the next section, computational aspects of political systems are briefly presented. Then, in section 3, some relevant insights of complex systems theory are reviewed.
Section 4 presents three heterarchies of pre-Hispanic Colombia as illustrative examples of complex societies that managed to avoid an overreliance on centralized and top-down elite control. Section 5 briefly discusses a number of open questions and future work.
Computational aspects of political systems and ancient societies
According to Mezza-Garcia (in prep.) , the similarity between a Turing machine and hierarchical political systems can be explained by how the transformation of 'inputs' into decisions in the latter is achieved, namely via sequential routes of rule-based activities that are assumed to take place in a closed manner amongst a selected group of individuals -the government. For those individuals who do not form part of the regime, and even for those who are members of a separate subsection of government, the computation of the decision takes place in a 'black box' until the moment of the 'halt' and the output of a political decision is made available. Decisions in such political systems are made with a type of information processing that works in a linear framework of reference, but which is limited when finding optimal solutions in spaces of high complexity.
As we see it, one of the main problems with hierarchical arrangements for decisionmaking in complex societies is that the problems exceed the processing capacities of the tree topology (Mezza-Garcia, 2013) . We know from biology that a system's dynamics depends greatly on its structure and vice versa, as nicely exemplified by Waddington's (2012) research on ontogenesis. Therefore, current political systems should be transforming toward operational architectures that more adequately reflect the complexity of the interacting systems from which they are composed and the systems of which they form a part and which they have to manage effectively (Mezza-Garcia and Maldonado, in prep.) .
Conversely, heterarchical political organizations operate with decision-making dynamics whose computation is performed by an open system, i.e., that is in interaction with the world in various levels simultaneously in a distributed, parallel, diffuse, realtime and decentralized manner. Inputs and conditions can be modified during the computation, and external agents can therefore also interact with this process. Ideally, 'outputs' or decisions are produced bottom-up from local interactions, rather than only implemented in a top-down manner at the expense of the complexity of human social systems and their environments. This is a more interactive kind of computation (Goldin and Wegner, 2008) , which can better describe the type of complex information processing taking place in social heterarchies (Mezza-Garcia, in prep.) . Interactive computation is a form of so-called "hypercomputation" (Copeland and Proudfoot, 1999) , i.e., computation that practically exceeds the computational power of the Turing machine and has a basis in systems of interaction and communication, such as the Internet and neural networks. Here we include heterarchical political systems in the class of systems that compute interactively.
Polities based on these more heterarchical principles have existed in the past, and many examples are known for North, Central and South America (e.g., Blanton and Fargher, 2012; DeMarrais, 2013; Feinman, 2001; Potter and King, 1995; Rogers, 1995) . Decentralized pre-Hispanic societies in Colombia, such as the Muiscas, Tayronas, and Zenú, also deserve to be more closely investigated from this theoretical perspective. Our hope is that we can gain a comparative anthropological view, one that is at least partially formalized in terms of complex systems theory and computer models, and which can therefore be generalized to help us address the global challenges of the modern era. To be sure, there were already attempts to integrate systems theory and anthropology during the 60s and 70s, mainly inspired by the widespread interest in cybernetics, with varying levels of success (e.g., Rodin et al., 1978; Salmon, 1978; Bateson, 1972; Turner, 1977) . Famously, basic cybernetic principles of feedback have been applied to the archaeological study of Mesoamerica (Flannery, 1968) .
But times have changed: systems theory has progressed since those early days into complexity theory and we can now take advantage of more powerful computer-based modeling. These ongoing developments provide new concepts and tools for archaeology that are just beginning to be applied (see, e.g., Bentley and Maschner, 2008; Bintliff, 2004) . In the following we introduce additional points of contact between these fields that deserve to be explored more systematically.
Complex systems theory and self-optimization
Complex systems theory is an area of mathematics that developed from chaos theory and dynamical systems theory, and which is being used in the sciences of life, mind, and sociality. Advances in game theory, network theory, and agent-based modeling are providing a treasure trove of insights that can be applied by anthropologists to better understand heterarchical social organization.
To begin with, it is crucial to highlight that complex systems theory offers a middle way that overcomes the traditional sociological dichotomy between agent-level and system-level explanations (Bintliff, 2004) . When agents socially interact with each other they form a larger, nonlinearly coupled system that has emergent properties of its own that cannot be reduced to one (or the sum) of the individuals. Interacting agents are turned into coupled components of the social system they help to give rise to, and this transforms their internal dynamics in a way that can impose constraints and augment their abilities -an insight that can be demonstrated using agent-based modeling (Froese and Fuchs, 2012; Froese, Gershenson, and Rosenblueth, 2013) . In essence, interacting agents are not the same kind of agents they would be if they were isolated. Taken together, this means that the agent-level and social-level are logically distinct, since each has its own specific properties, and yet they cannot be completely separated either, since they mutually condition their dynamics. This is a formal confirmation of the ideal of Giddens' (1984) theory of structuration, in which neither agency nor social structure are considered as primary.
This complex middle way whereby agent and society are neither one nor two opens up a new way of thinking about the origins of cooperation. It is often assumed that biological agents are by nature rationally selfish, and that therefore external circumstances have to somehow compel them to cooperate, for example by means of reciprocity or punishment. But complex systems theory reveals an alternative to rational choice theory that is more consistent with anthropology, namely that some social systems could transform the nature of the interacting agents, as components, to be more pro-social. For example, a simulation of the social interaction dynamics of pairs of agents has shown that they often persist in interacting even if this goes against their individual goals because it is difficult to escape from the self-sustaining dynamics of mutual entrainment (Froese and Di Paolo, 2010) . This is a topic for future research, but it serves to highlight that assuming irredeemably selfish and rational agents as the basis for investigating the origins of cooperation adopts a worst-case and unrealistic scenario.
But even if we accept the worst-case scenario, there are still a number of ways of ensuring cooperation in the absence of centralized control. It is widely accepted in anthropology that a collective risk of failure enhances the prospects of large-scale group formation and cooperation, for example when having to defend against another group of attackers (Carballo, Roscoe, & Feinman, 2014 ). And we know from game theoretic modeling that the specific kind of social organization plays an essential role, too. Specifically, it has been demonstrated that an increased risk of collective failure facilitates large-scale cooperation especially when the large-scale social system is composed of nested smaller groups (Santos and Pacheco, 2011) . Indeed, such a scalefree or small-world organization, in which many individuals have relatively few social connections and few individuals have relatively many connections, is known to enhance cooperation in the absence of centralized control. This type of social organization can help to explain the emergence of cooperation in the absence of mechanisms based on individual reputation and punishment (Santos, Santos, & Pacheco, 2008) . More generally, game theoretic modeling has shown that social diversity enhances spontaneous cooperation (Santos, Pinheiro, Lenaerts, & Pacheco, 2012 ). An important origin of such social heterogeneity is the ability of agents to freely shape their social relations, which points to another potential sociological principle worthy of empirical verification. And we do not need to assume pro-social intentions of the agents. In fact, game theory suggests that cooperation is also more easily maintained when agents are allowed to individually adjust their social ties as they wish, even if they do so in a completely self-interested manner (Santos, Pacheco, & Lenaerts, 2006) . These game theoretic insights can be supplemented by recent research in self-organizing and adaptive neural network systems. In particular, Watson and colleagues (2010) have shown that Hopfield networks can optimize their own interconnectivity by means of local optimizations performed by the interacting nodes. Specifically, it is already well known that constraint satisfaction problems can be encoded in the network connections, such that when the behaviors of the nodes converge onto an equilibrium, this set of behavioral states represents one solution to the target problem (Hopfield and Tank, 1985) . However, the attractor landscape of a complex system typically has many more locally optimal solutions compared to globally optimal solutions, and a suboptimal solution will be found most of the time. Watson and colleagues discovered that this problem is avoided as long as nodes are allowed to slowly update their connections, e.g., by a form of Hebbian learning, and the set of behavioral states is occasionally randomized. The trick is that these changes to connections create a distributed associative memory, a well-known property of this kind of network, and the occasional behavior resets ensure that it is different equilibriums of the network that are being memorized. In this way the network starts to generalize over the solutions it has encountered and generalizes to even better configurations, in the sense that more constraints between nodes end up being satisfied. Finally, all nodes in the network implicitly cooperate with each other to solve the original problem, even without any centralized control and without any explicit knowledge of why this is so. The generality of this self-optimization mechanism means that it can be applied to the dynamics of social systems as well. People will try to minimize the constraints imposed by their social connections by changing their behavior and their connections, and similar results would be obtained if we assume they do so habitually (Davies et al., 2011) , thus replacing neural Hebbian learning with Bourdieu's (1977) habitus. In the absence of such cooperation we find the so-called tragedy of the commons (Hardin, 1968) , since the local, selfish optimizing activity of the agents (i.e., network nodes) will tend to prevent the emergence of better (more globally coordinated) solutions that depend on cooperation.
Watson and colleagues do not specify the nature of the periodic reset, but any disturbance to normal activity that is large enough to push the behavior of the social system into a different steady state will do the job. Froese, Gershenson, and Manzanilla (2014) have applied this model to study the possibility of self-organization in the ancient city of Teotihuacan, Central Mexico. They hypothesize that periodic large-scale rituals could have served as the process of behavioral 'randomization' because such ritual activity is more symbolic than the functional activity of everyday life; by definition its concrete expressions are arbitrary in that they largely depend on cultural conventions. Moreover, important rituals are typically characterized by a liminal stage in which the rules of everyday life are intentionally bracketed. The model therefore connects well with the work of Turner (1969) , for whom "the essence of liminality is to be found in its release from normal constraints" (1977, p. 68) . But other kinds of disruption of normal working activity are conceivable, as we will discuss below.
On the basis of this brief introduction to recent developments in complex systems theory, with a special focus on some of the various factors that can favor the spontaneous emergence of cooperation, we are now in a position to reflect about some potentially fitting examples of heterarchical social systems. We focus on three preHispanic societies in Colombia that usually receive less attention than the famous hierarchical states of the Americas, i.e. the Aztec, Maya and Incas.
Heterarchical civilizations in pre-Hispanic Colombia
Heterarchical communities are horizontally distributed networks of individuals that operate without any overarching centralized control structure (Crumley, 1995) . Throughout history there have been various examples of such societies, especially during early prehistory (Rogers, 1995) . However, many of these more egalitarian arrangements were eventually transformed into or replaced by more centralized societies, to the extent that there has been a tradition to equate social complexity with centralization of power and vertical differentiation (Flannery, 1972) . Two large-scale agent-based models confirm this prediction for societies in both the Old World (Turchin et al., 2013) and New World by investigating the role of warfare and policing, respectively. Nevertheless, even though the exclusively hierarchical analysis strategy has been usefully applied to a variety of polities, it is not universally applicable. As we have mentioned, it is increasingly recognized that some complex societies were organized in a more "collective" manner (Blanton and Fargher, 2012) . For example, a heterogeneous perspective has been productively applied to gain a better understanding of the social organization of many complex polities in Mesoamerica (e.g., Blanton et al., 1996; Carballo, et al., 2014; Feinman, 2001; Manzanilla, 2007; Potter and King, 1995) . We suggest that this heterogeneous perspective should be extended to include some of the pre-Hispanic polities in Colombia, and especially by taking the latest insights from complex systems theory into account.
The Tayrona were a loosely integrated group of chiefdoms in the Sierra Nevada de Santa Marta in the northwestern coast of Colombia (Giraldo Pélaez, 2009 ). Although there is archaeological evidence for some social differentiation on the basis of differences in burials, the Tayrona social organization does not fit with the usual expectations. Buildings in their cities were connected by a maze of pathways with some central nodes but without any clear principal avenues, and the more important buildings were not physically separated from the rest of the city (Giraldo Pélaez, forthcoming). It is possible that we are dealing with a small-world or scale-free architecture of social relations, which has been shown to be conducive for the spontaneous emergence of cooperation (although it can also be taken as an indication of social hierarchy, see Brughmans, 2013) . Moreover, large ritual plazas have been excavated, but there are no indications of exclusionary religious practices or of competitive feasting. Instead these places seem to have been used for community rituals involving tobacco and Chicha (corn juice beer). Such periodic ritualized interruptions to normal working life, as shown in Figure 1 , may lead to social self-optimization, as Froese, Gershenson, and Manzanilla (2014) have proposed for the case of ancient Teotihuacan, Mexico.
Anthropologists have observed that the Kogi, an indigenous people that descended from the Tayrona, tend to live in an even more decentralized manner than their ancestors (Caicedo, 1986) . While the reasons for this change toward a more collective social organization are still relatively unknown, we hypothesize, following insights from the game theoretic models discussed above, that the significantly increased risk of collective failure brought on by the disasters of the Spanish conquest was a crucial factor -disasters whose catastrophic effects have been extensively documented (Giraldo Pélaez, 2000 . Vessel produced by the Tayrona in the Sierra Nevada de Santa Marta between 900 and 1600 AD showing a ritual scene. The accompanying text reads: "An intense communion with the universe and divinities was experienced at collective ceremonies, due to the ancient dances, the complicated and sumptuous costumes, and the moving music." We thank the Museo de Oro, and in particular Eduardo Londoño Laverde, for the permission to take and reproduce this photo.
Another noteworthy example of a past culture in Colombia without any clear center of power is the Zenú. They converted an extensive territory into use for agriculture by creating a huge network of dams and canals, which helped to spread the impact of annual inundations during the rainy season and to retain moisture during the dry period (Montejo Gaitán, 2013) . People lived on artificially raised platforms. Due to the classic hydraulic hypothesis in anthropology, it might be expected that the Zenú were a centrally organized civilization with rulers whose power was based on the control of water. But this does not seem to fit the facts (Rojas, 2008) . No large palaces have been uncovered and while grave goods show signs of luxury, this was distributed across the population. Not much is known about how the Zenú arranged the construction and management of this extensive water system without centralized control. We hypothesize that the drastic effects of seasonal changes, which imposed completely different life styles depending on the level of water, could have served as the mechanism of disruption that Watson and colleagues found to facilitate self-optimization.
Finally, it is of interest to consider the social organization of the Muiscas who lived in the center of Colombia. Their society was organized into what the Spanish described as a confederation, without any single center of control (Langebaek et al., 2011) . There were settlements of many different sizes and in a variety of climatic zones, which were interconnected by an extensive network of trails. Interestingly, a diversity of social connectivity facilitates the maintenance of cooperation, as shown by game theory. It is also known that many powerful mind altering substances were used, but these seem to have been exclusive to religious professionals. Nevertheless, we suspect that there might have also been more communal rituals involving altered states of consciousness, since these events, following the model by Watson et al., would have served as the behavior reset mechanism leading to spontaneous self-optimization of relations in such a heterarchically-organized system. We further hypothesize that rituals involving human sacrifice might have provided the periodic social disruption needed for selfoptimization. A significant part of the community assembled for these public rituals and they also temporarily changed the behavior of the people from their ordinary activities (Sotomayor, 1990) , thereby resetting the whole social system.
More generally, we hypothesize that there was a correlation between the amount of social flexibility in changing status and relationships and the extent of heterarchical organization. This is because game theory has demonstrated that cooperation without central control is facilitated when agents are allowed to quickly adjust their social relations. It remains to be seen if our predictions are verified by future network-and game-theoretical approaches in archaeological research. The flexibility of these approaches make them fertile tools for the study of the nonlinear social interactions that are present in political organizations that do not process information à la Turing.
Final remarks and future work
The increasing interconnectedness of our social systems worldwide implies that sociopolitical problems have global implications . The complexity of solutions to global warming and climate change, food scarcity, energy supply, water consumption, population growth, loss of biodiversity, epidemics and pandemics, among others, require cooperative, decentralized, multilevel and distributed solutions for which Turing machine computational architectures of decision-making are inadequate. In contrast, complex systems approaches can provide optimal solutions by using the complexity of our social systems to their own benefit (Axelrod and Cohen, 2000) . Translated into politics, this would be equivalent to systems of decision and regime structures that are sufficiently robust to maintain internal coherence and yet are flexible enough to rapidly adapt to changes in time. History provides effective examples of political structures that have operated in this non-centralized way, to which we can turn for inspiration about the possibilities of social heterarchy. Archaeology has long focused on ancient centralized elite hierarchies at the expense of other forms of social organization, but this is beginning to change (Kienlin, 2012) . We agree that what also needs to be investigated are social and political systems with a strong tendency to selforganize and self-optimize, that is, systems that exhibit precisely the kinds of social dynamics that are more readily expressed in non-hierarchical political regimes. Of course, it should go without saying that heterarchical social systems are not infallible either, as the collapse of the pre-Hispanic polities in Colombia clearly demonstrates. So we will also need to further study their own particular weaknesses compared to those of hierarchical systems.
In conclusion, we propose that computational modeling approaches to anthropology and sociology are potentially synergetic workspaces. Modeling and simulation, for example, can help archaeologists to conduct hypothetical studies on systems that no longer exist. Similarly, sociologists, given that the systems they study -individuals within human societies -are complex systems, can also resort to these expressive and formal computational tools to find out what could be the optimal social configurations for their intricate and convoluted problems. Conversely, complex systems researchers can test some of their latest theories of self-organization by applying them to the archaeological study of unusual social systems that happen to be more clearly characterized by nonlinear information processing and lack of centralized political control.
Our hope is that by formally studying the various kinds of processes that allowed ancient heterarchical communities to adapt successfully over centuries, and by determining what were the causes of their eventual downfall, we can gain new insights about how to better organize and manage our own societies. Since the contemporary world is increasingly composed of complex networks of all sorts, especially those involving decentralized decision-making, learning how to better operate in these contexts is crucial for adequately addressing the global problems that we now face. Moreover, a crucial advantage of computational approaches is that we can make tools that do not require that we use the world as a laboratory, thereby avoiding the problem of having to impose decisions upon it that have not been tested before.
